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Abstract
MELODI (Multidisciplinary European Low Dose Initiative) is a European radiation protection research platform with focus 
on research on health risks after exposure to low-dose ionising radiation. It was founded in 2010 and currently includes 44 
members from 18 countries. A major activity of MELODI is the continuous development of a long-term European Strategic 
Research Agenda (SRA) on low-dose risk for radiation protection. The SRA is intended to identify priorities for national 
and European radiation protection research programs as a basis for the preparation of competitive calls at the European level. 
Among those key priorities is the improvement of health risk estimates for exposures close to the dose limits for workers 
and to reference levels for the population in emergency situations. Another activity of MELODI is to ensure the availability 
of European key infrastructures for research activities, and the long-term maintenance of competences in radiation research 
via an integrated European approach for training and education. The MELODI SRA identifies three key research topics in 
low dose or low dose-rate radiation risk research: (1) dose and dose rate dependence of cancer risk, (2) radiation-induced 
non-cancer effects and (3) individual radiation sensitivity. The research required to improve the evidence base for each of 
the three key topics relates to three research lines: (1) research to improve understanding of the mechanisms contributing to 
radiogenic diseases, (2) epidemiological research to improve health risk evaluation of radiation exposure and (3) research to 
address the effects and risks associated with internal exposures, differing radiation qualities and inhomogeneous exposures. 
The full SRA and associated documents can be downloaded from the MELODI website (http://www.melodi-online.eu/sra.
html).
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Introduction
Exposure to ionising radiation from natural and/or arti-
ficial sources is ubiquitous and unavoidable. Medical 
and natural sources represent the largest fractions of the 
average effective dose received by the general public 
(UNSCEAR 2008). Exposures to artificial sources can 
vary between individuals depending on their occupation 
(e.g. employment in the nuclear industry, in air transport 
and in medicine), their health status (leading to varying 
medical exposures) and in rare cases on their place of 
living (due to potential environmental contamination). 
In addition to the fact that ionising radiation is unavoid-
able and variable in the population, it is known to dam-
age health at certain exposure levels. At very high doses 
(> 1 Gy whole body) ionising radiation can be acutely 
lethal, while it can induce tissue damage following more 
localized high-dose exposures (ICRP 2012, AGIR 2009). 
Fortunately, those exposures are very rare. However, tissue 
damage can occur in various organs following life-saving 
cancer radiotherapy, with prevalences of up to 15% of the 
patients depending on the treatment (Dörr and Hendry 
2001; Paulino et al. 2010).
Since many decades it is known that radiation can 
cause cancer in humans following acute exposure in the 
dose range of a few Sv down to about 100 mSv. More 
recently, evidence has accumulated that these more mod-
erate exposures may also contribute to other conditions 
such as circulatory disease, lens opacities and effects on 
future generations (hereditary effects) (UNSCEAR 2010). 
The cancer risks to humans are established down to about 
100 mSv, while for circulatory diseases and lens opaci-
ties they are established down to about 500 mSv (AGIR 
2010). Below these levels, especially following protracted 
or other non-homogenous exposures, the risks to human 
health are less certain. The current system of radiation 
protection developed by the International Commission 
on Radiological Protection (ICRP) aims to avoid tissue 
injury and minimize the probability for cancer and heredi-
tary disease (ICRP 2007). Risks of cancer and hereditary 
effects below 100 mSv are regulated assuming a linear 
non-threshold (LNT) relationship between dose and effect; 
however, for those low-dose exposures there is a large 
uncertainty about the exact dose response, and the impact 
of protracting exposures over long periods such as employ-
ment from, around 18 years of age to retirement.
There are various sources of ionising radiation in mod-
ern society. Medical uses of radiation for diagnostics and 
therapy are becoming increasingly prevalent. Nuclear 
power generation is viewed by many as a low-carbon diox-
ide emitting efficient energy source, and industrial radi-
ography plays important roles in safety assessment. High 
radon exposures in buildings are a major issue in many 
countries. Long-distance air travel can lead to increased 
exposures of aircrew and passengers. Other sources are 
exposures to naturally occurring radioactive materials 
(NORM) in the oil extraction and other industries.
Therefore, an appropriate and acceptable balance between 
the benefits of use of ionising radiation on the one hand 
and the potentially associated health risk on the other hand 
is indispensable. The protection of individuals and popula-
tions comes at a cost, and there are disadvantages of both 
under- and overprotection. This applies in all exposure situ-
ations—existing elevated exposure situations such as high 
radon concentrations in buildings, occupational exposure 
situations for example in nuclear industry and the medical 
sector, and accidental situations where difficult decisions 
on countermeasure implementation such as health monitor-
ing, sheltering and evacuation are required. In all of these 
contexts, it is of utmost importance that robust and accurate 
information is available on the magnitude of health risks 
posed by any given radiation doses, ranging from high to 
low. The main uncertainties in radiation health risk evalu-
ation are in the magnitude of cancer risk at low acute and 
protracted doses below 100 mSv, the magnitude of non-
cancer effects below 500 mSv and the variation in disease 
risk between individuals in the population. These are the key 
areas identified by Multidisciplinary European Low Dose 
Initiative (MELODI) requiring further research to provide 
better and more solid evidence for appropriate decision mak-
ing in all areas of radiation protection. Accurate and reliable 
health risk estimation of low dose and dose-rate exposures of 
humans is an essential foundation for a robust and acceptable 
system of radiation protection.
The European research platform MELODI
The purpose of the MELODI association is to establish 
a European research platform with a focus on health risk 
assessment after exposures to low-dose ionising radiation 
and its application for radiation protection, aiming for a 
progressive integration of national and European activities 
(http://www.melodi-online.eu/) (Repussard 2015). MELODI 
was founded in 2010 as a registered association with 15 insti-
tutional members. As of July 2017, MELODI has 44 mem-
bers from national bodies responsible for defining, funding 
and implementing radiation research, and universities and 
research institutes committed to contributing to research and 
development in this domain. MELODI contributes to the 
setting of priority objectives in low-dose risk research, to 
the establishment of research programs and identification 
of resources to be implemented in order to achieve these 
objectives. Furthermore, MELODI supports the assessment 
of results obtained, education and promotion of communi-
cation on these issues between the various parties involved 
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as well as sustainability of key research activities (Salomaa 
et al. 2015, 2017; Belli et al. 2011, 2015). Major actions of 
MELODI include organization of scientific and stakeholder 
workshops, promotion of the visibility of the research area, 
nomination of working groups on specific topics and facili-
tating collaborative research.
The establishment and regular updating of a long-term 
(> 20 years) Strategic Research Agenda (SRA) for research 
on low-dose health risk radiation protection in Europe is a 
key activity of MELODI. This SRA is supposed to provide 
guidance on the priorities for national and European research 
programmes and on the preparation of competitive calls at 
the European level. Furthermore, MELODI supports the 
availability of key infrastructures in Europe as an essential 
basis for research activities, and the long-term maintenance 
of competences in radiation research and health risk assess-
ment by means of an integrated European approach for train-
ing and education. Consequently, MELODI established three 
working groups (WGs): one on the MELODI SRA, one on 
education and training, and a third on infrastructures.
The European Network of Excellence DoReMi 
(2010–2016) funded by Euratom FP7 Radiation Protection 
Programme served as an important initial operational tool 
for establishing MELODI (Salomaa et al. 2015). Currently, 
major parts of European radiation protection research are 
being organized within the CONCERT European Joint Pro-
gramme Co-fund Action (EJP). CONCERT brings together 
funding agencies from the European Commission (EC) 
and the member states in an effort to integrate European 
radiation protection research and launches research calls 
in radiation protection on behalf of the EC. An important 
operational tool for the establishment of CONCERT was 
the European project OPERRA (Open Project for European 
Radiation Research Area, 2013–2017). Integration will 
build upon the SRAs from five European radiation protec-
tion research platforms, MELODI, ALLIANCE (radioecol-
ogy) (Hinton et al. 2013), NERIS (emergency management) 
(Schneider et al. 2016), EURADOS (dosimetry of ionising 
radiation) (Rühm et al. 2016) and EURAMED (medical 
exposures) (EURAMED 2017), and aims to establish inter-
action and synergies between these different areas of exper-
tise (Salomaa et al. 2017).
MELODI SRA
The MELODI SRA has been updated yearly since 2010, 
taking into account results of ongoing, completed and pub-
lished research, and new key radiation protection research 
issues, which may have arisen since the previous update. 
The procedure of SRA development includes that an updated 
draft and a short MELODI statement (only in years where 
a call will be launched), presenting the top priorities, is 
posted on the public MELODI website 6–8 weeks before 
the annual MELODI workshop takes place. Those interested 
(scientists, stakeholders) can then join an open consultation 
process on the MELODI website and/or participate in the 
following MELODI workshop to provide input before the 
SRA’s and statement’s revision. The first draft of a MELODI 
SRA was published in October 2010. Currently the eighth 
draft of the MELODI SRA is available on the MELODI 
website. All published MELODI SRAs can be downloaded 
from http://www.melodi-online.eu/sra.html. Summaries of 
the MELODI workshops are published (Salomaa et al. 2013; 
Aerts et al. 2014; Bouffler 2017) or can be found through the 
MELODI website.
The MELODI SRA has been developed following the key 
policy goals, to address the robustness of the current radia-
tion protection system, as defined by the High Level Expert 
Group on European Low Dose Risk Research (HLEG) 
(http://www.hleg.de/). These goals include research on: (a) 
the shape of the dose–response for cancer, (b) tissue sen-
sitivities for cancer induction, (c) individual variability in 
cancer risk, (d) the effects of radiation quality type, (e) risks 
from internal radiation exposure, and, (f) risks of, and dose 
response relationships for, non-cancer diseases and heredi-
tary effects.
For the purpose of the MELODI SRA, these issues were 
restructured into three key topics low-dose and dose-rate 
radiation health risk research:
1. Dose and dose-rate relationship for cancer;
2. non-cancer effects; and
3. individual radiation sensitivity.
As discussed by the HLEG and confirmed by the DoReMi 
Network of Excellence and MELODI, research at low dose-
rates or low doses includes major challenges in the investiga-
tion of both radiation-related health effects and underlying 
biological mechanisms, because the magnitude of health risk 
and biological effects is expected to be low. A multidisci-
plinary approach is therefore essential. For this reason, each 
key topic is sub-divided into three research lines:
• Research to improve understanding of the mechanisms 
contributing to radiation risk following low dose/dose-
rate exposures.
• Epidemiological research that integrates, where possible 
and informative, biological approaches to improve health 
risk evaluation of radiation exposure.
• Research specifically aimed to address the effects of and 
risks associated with internal exposures, different radia-
tion qualities and inhomogeneous exposures.
In the following text, the three key research topics are 
described and the research needed for an improvement of 
the evidence base for each of these topics is described based 
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on the above-mentioned three research lines. In Tables 1, 2 
and 3 the priority research areas within each key topic and 
research line are given.
Key research topic 1: “dose 
and dose‑rate‑dependence of cancer risk”
Current risk estimates used in radiation protection are 
based upon epidemiological studies of exposed populations 
(UNSCEAR 2008; Boice 2017). Radiation protection stand-
ards aim to avoid tissue reactions and minimize the inci-
dence of the late developing stochastic effects of cancers and 
hereditary effects in future generations (ICRP 2007). Thus, 
for radiological protection it is of fundamental importance 
that the health risk estimates are robust and credible. Most 
important among the epidemiological studies are the follow-
up studies on Japanese A-bomb survivors of Hiroshima and 
Nagasaki that provided clear evidence of increased cancer 
risk (Ozasa et al. 2012; Grant et al. 2017). While these 
studies remain the main basis for the cancer risk estimates 
used in radiation protection, they relate to a specific popu-
lation and a specific exposure scenario. The exposure was 
essentially an acute, high dose-rate total-body gamma ray 
exposure with a small neutron component. Therefore, the 
A-bomb survivor studies are to an increasing extent comple-
mented by occupational, environmental, and medical expo-
sure studies (UNSCEAR 2008; Shore et al. 2017), which 
allow direct investigation of effects of fractionated or more 
protracted exposures and effects of lower doses (Rühm et al. 
2015). Evidence for radiation-related hereditary effects is 
based on experimental animal studies because there is no 
direct evidence from human studies to date. The contribution 
of hereditary risk to the overall risk is estimated to be small 
in comparison with cancer risk (ICRP 2007).
Epidemiological studies provide evidence of dose-related 
increases in total cancer risk after acute exposures with 
doses of about 100 mSv and above. Recent pooled occupa-
tional studies suggest increased solid cancer and leukaemia 
risks following protracted radiation exposures of the order 
of around 100 mSv (Richardson et al. 2015; Leuraud et al. 
2015). Further, recent reports indicate a possible associa-
tion between natural background gamma radiation exposures 
and risk of childhood leukaemia (Spycher et al. 2015) and 
suggest an elevated risk associated with medical imaging 
methods (Walsh et al. 2014).
Nevertheless, there are major uncertainties concerning (1) 
the magnitude of cancer risk following protracted exposures 
encountered in the environment, in medicine and in occupa-
tional settings, particularly those of the order of 100 mSv or 
less; (2) organ-specific risks following acute or protracted 
doses of a few 100 mSv, particularly for inhomogeneous 
dose distributions; (3) the risk for specific cancer sites due Ta
bl
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to possibly different tissue sensitivities, and (4) the most 
scientifically evidence-based model to infer risks at doses 
and dose-rates lower than those for which direct epidemio-
logical evidence is available. In this context, there are also a 
number of ethical questions that need to be addressed, such 
as “precautionary” use of the LNT model for extrapolation 
to doses far below those where risk estimates are considered 
well founded on empirical observations.
Classical epidemiological studies will need to be contin-
ued to refine the direct knowledge of risk in human popula-
tions, particularly in the context of low-dose and protracted 
exposures, and internal contamination. Biologically-based 
mechanistic and epidemiological approaches should be 
combined to quantify cancer risks from acute whole body 
exposures with low dose (< 100 mSv) or from protracted or 
inhomogeneous exposures at low to moderate doses (a few 
100 mSv or less). They also need to address the impact of 
different radiation qualities and effects of both internal and 
external exposures, alone and in combination. Knowledge 
of health risks from such low dose-rate exposures is of key 
relevance for planning measures in emergency situations, 
particularly for large populations and for radiation protection 
of occupationally exposed persons, to evaluate the present 
dose limit of 20 mSv/year averaged over 5 years with no 
single year exceeding 50 mSv (EURATOM 2014).
Research line 1: basic mechanisms
An LNT extrapolation model is currently used in radiation 
protection to estimate risk at low doses from epidemiologi-
cal data obtained at higher doses (ICRP 2007; Boice 2017). 
An important aspect for the justification of using this model 
is that radiation carcinogenesis is assumed to be primar-
ily driven by damage to DNA and subsequent mutations of 
growth-regulating genes in target cells (Brenner et al. 2003). 
Yet, a number of other potential mechanisms contributing to 
and modulating radiation carcinogenesis have been proposed 
(UNSCEAR 2012) and it is important to determine their 
potential roles (Kadhim et al. 2013). The extent to which 
these modulations and non-mutational mechanisms sup-
port or challenge the validity of a LNT risk extrapolation 
model needs to be determined under relevant exposure con-
ditions. For this purpose, the use of well-validated animal 
and human cellular/tissue models of radiation carcinogenesis 
(both solid cancers and leukaemias) is required.
Research line 2: health risk evaluation
Quantification of cancer risk at moderate dose or dose-rates 
from inhomogeneous or protracted exposure, and at low 
doses or dose-rates from acute, homogenous exposure is 
a key challenge. The large size of epidemiological studies 
required to detect small increases in cancer risk at low doses 
and dose-rates and the potential for bias and confounding 
present challenges, particularly at the lowest doses (Brenner 
et al. 2003). The priorities in this area include the mainte-
nance and improvement of key cohorts by continued follow-
up, pooling of different studies, collection of information 
on confounders and reducing misclassification of dose and 
health data. Key cohorts are characterized by large popula-
tions with exposure conditions and dose distributions that 
are relevant for radiation protection, good individual dosim-
etry, long and complete follow-up with good quality data of 
health outcome, particularly on cancer occurrence; and the 
possibility of collecting information on relevant potential 
confounders either on the whole cohort or through nested 
case–control studies.
These studies should include, where possible and likely 
to be informative, the collection and appropriate storage of a 
large number of relevant biological samples, including tissue 
samples from most of the cancer cases. Through identifi-
cation and integration of relevant biological endpoints and 
markers into epidemiological studies (Pernot et al. 2012; 
Hall et al. 2017), further insights will be gained into the 
risks associated with such exposures. The integration of both 
epidemiological and mechanistic studies will improve cancer 
risk evaluation through molecular epidemiological studies 
or by mechanistic modelling.
Research line 3: impact of radiation exposure 
characteristics
It is important but often overlooked that radiation exposure 
in the environment, in occupational and medical settings can 
involve internal contamination, often to radiations of differ-
ing quality, or involve other aspects of dose inhomogene-
ity. The current system of protection uses radiation weight-
ing factors to reflect spatial dose distribution differences 
between radiations of differing quality. The actual risks 
associated with all forms of dose inhomogeneity including 
those due to inhomogeneous activity distribution within a 
tissue like in case of radon exposure (Madas 2016) are not 
well understood. The extent to which these factors modify 
dose–response relationships for cancers is therefore impor-
tant to understand.
Key research topic 2: “non‑cancer effects”
It has been traditionally assumed that health effects other 
than cancer and hereditary diseases show a threshold 
at doses that are above the levels of exposures typically 
encountered in the public environment, at work or from 
diagnostic medical uses of ionising radiation (ICRP 2012). 
Recent results from epidemiological and experimental stud-
ies indicate increased risks from vascular diseases (Little 
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2016; AGIR 2010), lens opacities (Shore 2016), cognitive/
neurological effects (Verreet et al. 2016; Hall et al. 2004); 
and others not only at doses above 5 Gy but also at a range 
of doses from 5 down to 0.5 Gy and, possibly even at lower 
doses (< 0.5 Gy) (Shore 2014). Based on these findings 
the International Commission on Radiological Protection 
(ICRP) issued in 2011 a statement on tissue reactions (for-
merly termed non-stochastic or deterministic effects) that 
noted evidence that the threshold in absorbed dose for effects 
on the lens of the eyes is in the order of 0.5 Gy (acute and 
protracted exposure). Consequently, a recommendation was 
made for a reduction in the annual equivalent dose limit for 
the lens of the eye to 20 mSv per year averaged over 5 years 
with no 1 year exceeding 50 mSv (ICRP 2012). In addition, 
ICRP suggested that the absorbed dose threshold for circu-
latory diseases may be as low as 0.5 Gy. ICRP defines the 
threshold as the dose that causes the disease in 1% of the 
exposed persons.
For all outcomes, uncertainties and concerns exist about 
possible effects at low doses, which could have important 
implications for radiation protection. Results of epidemio-
logical studies are not always consistent, as bias and con-
founding cannot be excluded, and the biological mecha-
nisms of relevance for health risks at these low doses are not 
known. The possibility of a stochastic nature of non-cancer 
effects without dose thresholds raises a wide range of ques-
tions, and needs further investigation. In contrast to cancer 
and hereditary effects, knowledge on the underlying biologi-
cal mechanisms for radiation-related non-cancer effects in 
the moderate and low-dose range is very sparse. Therefore, 
research to understand the mechanisms is necessary. In addi-
tion, careful epidemiological research based on key cohorts, 
integrating—where possible and informative—biological 
approaches is needed to provide information on radiation-
related risk of non-cancer diseases following low-dose, 
protracted or fractionated exposure, relevant for radiation 
protection. Individual radiation sensitivity, mixed exposures 
and the impact of characteristics of radiation exposure also 
need to be considered.
Research line 1: basic mechanisms
Deterministic effects or tissue reactions are classically 
thought to arise as a consequence of cell killing or func-
tional inactivation by the (generally) high radiation doses 
involved (ICRP 2012). They are characterised by steeply 
increasing dose–response relationships at doses beyond a 
defined threshold. It is unlikely that cell killing/inactiva-
tion will be the only basis for effects of lower radiation 
doses in relation to vascular disease, cataract and cogni-
tive dysfunction. Epidemiological investigations of popu-
lations with well-characterised exposures require studies 
to identify the underlying mechanisms that lead to each 
of the non-cancer disease. Each disease may have a dif-
ferent mechanistic basis, and it is not clear if there will be 
any similarity with the mechanisms that lead to radiation-
related cancers.
Research line 2: health risk evaluation
Quantification of non-cancer risk (circulatory diseases, 
lens opacities, others) in humans at moderate or low doses 
or dose-rates is a key, yet difficult challenge for radiation 
protection, because the magnitude of risk due to radia-
tion is expected to be low and the potential for bias and 
confounding is high. Informative epidemiological studies 
in this field should be characterized by large cohorts with 
exposure scenarios and dose values of interest for radia-
tion protection, good dosimetry, high quality of health 
data, long-term follow-up and the possibility of collect-
ing information on relevant potential confounders either on 
the whole cohort or through targeted nested case–control 
studies. In addition, these studies should include—where 
possible and informative—collection of a large number 
of biological samples, relevant tissue samples from most 
cases in a given organ, and extensive data on the health 
status during follow-up.
Through improvement of key epidemiological studies 
(e.g., increasing the statistical power by pooling studies 
using standardized study protocols; improvement of appro-
priate organ and tissue dose assessment, e.g. different parts 
of the heart, main arteries and veins as well as blood, brain, 
eyes, lens,…) further insights will be gained into the risks 
associated with such exposures. In addition, where possible 
and informative, relevant biological endpoints and mark-
ers should be identified and integrated into epidemiological 
investigations (Kreuzer et al. 2015).
Research line 3: impact of radiation exposure 
characteristics
Dose fractionation and dose-rate effects have been observed 
for the induction of non-cancer effects, e.g. low dose-rate 
dependent effects (premature senescence) seen in endothelial 
cells of the cardiovascular system (Yentrapalli et al. 2013; 
Rombouts et al. 2014). The impacts of radiation quality and 
inhomogeneous exposure for non-cancer endpoints are not 
well understood. If non-cancer diseases are included in the 
estimation of health risk at low doses, the radiation weight-
ing factors applied may not be the same as those used for 
cancers and hereditary effects. The underlying mechanisms 
and their response to differing conditions of irradiation will 
need to be understood.
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Key research question 3: “individual 
radiation sensitivity”
Variability in radiation-related health risk and genetic 
susceptibility to radiation effects within a population is 
an important issue for radiation protection. Differences in 
radiation sensitivity between individuals, or groups, may 
relate to gender, age at exposure, attained age, state of 
health, genetic and epigenetic make-up, lifestyle, and co-
exposures. Such differences, if significant, raise the ethi-
cal and policy question as to whether some individuals or 
groups are inadequately protected by the present system 
and regulations, and whether it would be acceptable to 
apply different exposure limits for various subgroups of 
the population or ultimately at the individual level.
At present, there is insufficient information to establish 
how large the differences in sensitivity may be between 
individuals or between groups of individuals and their 
consequent influence on risk estimates at low doses 
and dose-rates. In order to address policy questions it 
is necessary to obtain better knowledge on the extent 
of the variations in sensitivity in the population, both 
in the sizes of the variations and in the proportions of 
the population that are affected. This needs to include 
the impact of dose inhomogeneity, radiation quality, and 
internal versus external exposures. In addition, the nature 
of the interaction of ionising radiation with co-exposures 
to other agents (e.g. tobacco smoke, heavy metals) for 
various cancers is important in considering risk transfer 
between different populations.
Research line 1: basic mechanisms
Basic research is needed to establish which factors and 
processes predispose individuals to greater risk of late 
effects in terms of cancer or non-cancer diseases. This 
includes both molecular epidemiological approaches, the 
discovery of genetic, phenotypic and molecular markers 
of these pathways (Hall et al. 2017; Pernot et al. 2012), 
and the integration of mechanistic studies in the quanti-
tative evaluation of health risks. A major focus should 
be the understanding of how these different factors may 
modify risk keeping in mind that the radiosensitive phe-
notype is likely to be multifactorial. Another important 
question is whether acute or late markers of radiation sen-
sitivity (adverse healthy tissue or organ responses after 
radiotherapy) are related to risk of developing late effects 
following exposure to low and protracted doses of dif-
ferent linear energy transfers (LETs) including internal 
exposures.
Research line 2: health risk evaluation
The quantification of the contribution that individual 
sensitivity makes to radiation risk on both an individual 
and population level is a key question. Realistic estimates 
of how large the differences may be in extreme cases as 
well as the spread of sensitivities in average population 
groups will need large informative epidemiological stud-
ies with reliable information on potential effect modifiers 
and inclusion of molecular biomarkers. Systems biological 
analyses and mechanistically based models of disease are 
further prerequisites.
Research line 3: impact of radiation exposure 
characteristics
The impact of external versus internal emitters, dose inho-
mogeneities and radiation quality on individual radio-
sensitivity related to different doses and dose-rates has 
not been defined for relevant environmental, medical and 
occupational exposures. In case of internal contamina-
tion, individual radio-sensitivity could be dependent on 
localized dose distributions, but currently no mechanis-
tic understanding, relevant experimental models, or valid 
datasets exist for these relationships. Similarly, radiation 
quality is gaining importance because of the more wide-
spread availability of external beam hadrontherapy, where 
scattered neutrons are of concern, and the increasing clini-
cal use of radionuclides (Belli et al. 2010).
Individual sensitivity should be analysed as a function 
of exposure and not only dose, because the same exposure 
can result in very different doses and spatial dose distri-
butions in different individuals. For internal exposure, 
the dose distributions can be very different between indi-
viduals due to anatomical and physiological differences 
(e.g. airway morphology variability, different thickness of 
mucus layer in the bronchi or nose as opposed to mouth 
breathing). This variability should be taken into account 
and modelled for future analysis. Both accurate dosimet-
ric models and physiologically relevant biokinetic mod-
els are required for the interpretation of the health and 
biological effects of internal emitters, especially for the 
characterization of individual sensitivities. There is also 
a need to better characterize how candidate biomarkers, 
identified in response to low LET (linear energy transfer) 
external exposure, may be influenced by internal exposure, 
dose inhomogeneity, radiation quality. In many situations, 
mixed field exposures are relevant but again there are no 
data related to the role of individual radio-sensitivity.
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Education and training (E&T)
The HLEG report of 2009 (http://www.hleg.de/fr.pdf) 
identified a problem with the maintenance in Europe of 
the range of expertise essential to an effective programme 
of research into the risks to humans from low-dose radia-
tion. The report advised that specific programmes aiming 
at knowledge management across generations need to be 
designed in order to achieve sustainable continuity and 
development.
It is important that sponsored courses and workshops 
are provided to attract students into the radiation research 
area. A successful example is the annual series of short 
courses funded by CONCERT (http://www.concert-h2020.
eu/en/Concert_info/Education_Training). A large propor-
tion of the groundwork of research is carried out as stu-
dent projects and thesis work. For this reason, the research 
effort relies on a continuing relationship with universities, 
and on a healthy stream of high-level students. It is, there-
fore, essential that this symbiosis is recognised and taken 
into account in research funding structures.
A further role of E&T within any specialized research 
area is in dissemination of new technologies, skills, and 
knowledge. To obtain maximum impact and benefit from 
research there should be a programme of workshops, 
seminars, summer schools, etc. which is integrated into 
the design and funding structure of all research. The pro-
gramme should be aimed both at sharing knowledge within 
the European low-dose research community and at the 
wider radiation protection field including radioecology, 
emergency response, and the medical use of radiation.
Because the number of centres of expertise in low-dose 
research in Europe is limited, it is important that the cen-
tres collaborate to provide a coordinated E&T programme. 
University courses should be modular, and mutual recogni-
tion agreements should permit students to transfer across 
EU states to construct degree courses. There is a need for 
a forum to facilitate networking and to bring together all 
interested parties regularly to discuss needs and broaden 
the awareness of what is happening in EU member states.
Infrastructures
One of the roles of MELODI is to ensure the availabil-
ity of and to facilitate ready access to the state-of-the-art 
research infrastructures required to support the research 
efforts in low dose research. The priority is to promote 
the use of mature and up-to-date infrastructures and avoid 
unnecessary duplication. Furthermore, an effort should be 
made to harmonize practices amongst multiple facilities. 
Finally, the sustainability of rare but necessary facilities 
(e.g. for internal contamination) needs to be guaranteed. 
This should include recommendations on the provision 
of the financial means to harmonize, sustain and access 
these facilities.
Infrastructures include so-called large infrastructures 
such as exposure facilities including those for animal experi-
mentation, as well as the collection and storage of cohort 
data, databases, biobanks, and analytical platforms.
Within the EU-funded project DoReMi, an extensive 
list of relevant infrastructures was generated for low-dose 
research in particular irradiation facilities for internal and 
external exposure. Concerning relevant epidemiological 
cohorts, priority should be given to cohorts and biobanks 
that permit studies to improve the quantification of the risk 
associated with low dose and low dose-rate radiation expo-
sure, for cancer and/or non-cancer diseases and/or to iden-
tify groups of individuals with specific sensitivity. In the 
short-term, existing epidemiological cohorts can be used 
to support modeling and/or molecular studies for which 
the requirements differ. In the long-term, new prospective 
cohorts can also be envisaged, as well as the development of 
new collections of biological material. Analytical platforms 
that can screen a large set of validated biomarkers (such 
as the European dosimetry network RENEB) are accessible 
for the rapid and reliable assessment of radiation exposure 
(Kulka et al. 2017).
Within the EU-funded project STORE (https://www.
storedb.org/store_v3/), an internet-based platform for shar-
ing data from epidemiological studies, as well as data and 
biological samples from radiation experiments (new and 
past), has been developed, further carried forward and sup-
ported first by DoReMi then by CONCERT. Going forward, 
it will be necessary to promote activities to further update 
and continuously expand the content of the database, and to 
elucidate to what extent data from other radiation protec-
tion platforms (ALLIANCE, NERIS and EURADOS) can be 
incorporated into STORE or whether a comparable database 
would be more appropriate.
Activities to identify valuable materials and archives that 
could be included in the database and the tissue bank, as well 
as to maintain relevant biobanks and rescue material from 
endangered biobanks, need to be supported. The maturation 
of the so-called ‘omics technologies’ and systems biology 
may offer novel opportunities for European radiation pro-
tection research. In order to benefit from the best quality of 
technologies and supporting managerial and technical sup-
port, efforts should be given to facilitating access to major 
national and European infrastructure platforms.
Priority areas related to infrastructures are: (1) improve-
ment of the access to infrastructures, (2) favor open access 
to radiation research data within STORE, (3) re-use of 
archived materials using specific retrospective approaches, 
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(4) enlargement and sustainability of RENEB, including 
inter-comparison exercises, and (5) improvement of the 
knowledge of existing infrastructure via E&T courses.
Acknowledgements The authors are very grateful to Dietrich Aver-
beck, formerly IRSN/CEA, Fontenay-aux-Roses, France, and Leader 
of WP2 of the EU-project DoReMi, who developed the Transitional 
Research Agenda (TRA) of DoReMi, which was the starting point and 
basis for the MELODI SRA. In addition, Dietrich Averbeck, David 
Llyod from PHE, UK and Peter O’Neill from University of Oxford, 
UK were the authors of MELODI SRA versions published before 2014; 
the year when the MELODI WG SRA was established. The authors 
would also like to thank the former MELODI WG SRA members Peter 
Jacob from HMGU, Germany, Imre Balásházy from MTA Centre for 
Energy Research, Hungary, Friedo Zoelzer from University of South 
Bohemia, Czech Republic, and Katja Kojo from STUK, Finland, for 
valuable input into previous versions of the SRA. Similar thank goes 
to the Scientific Committee of MELODI, and all MELODI members 
and participants in the MELODI workshops for providing comments 
on the SRA.
Funding The research leading to these results has received funding 
from the European Atomic Energy Community Seventh Framework 
Programme FP7/2007–2011 under Grant agreement no. 249689 
(DoReMi), the European Union’s Seventh Framework Programme 
(FP7/2007–2013) under Grant agreement no. 604984 (OPERRA) and 
from the Euratom research and training programme 2014–2018 under 
Grant agreement no. 662287 (CONCERT).
Open Access This article is distributed under the terms of the Creative 
Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
References
Aerts AM, Impens NR, Baatout S, Benotmane MA, Camps J, Dabin 
JM, Derradji H, Grosche B, Horemans N, Jourdain JR, Moreels 
M, Perko T, Quintens R, Repussard J, Rühm W, Schneider T, 
Struelens L, Hardeman F (2014) Joint research towards a better 
radiation protection-highlights of the fifth MELODI workshop. J 
Radiol Prot 34:931–956
AGIR (2009) High dose radiation effects and tissue injury. Report of 
the independent advisory group on ionising radiation. Chilton, 
Doc HPA, RCE-10, pp 1–94
AGIR (2010) Circulatory disease risk. Report of the independent advi-
sory group on ionising radiation. Chilton, Doc HPA, RCE-16, 
pp 1–116
Belli M, Ottolenghi A, Weiss W (2010) The European strategy on low 
dose risk research and the role of radiation quality according to the 
recommendations of the “ad hoc” High Level and Expert Group 
(HLEG). Radiat Environ Biophys 49:463–468
Belli M, Salomaa S, Ottolenghi A (2011) MELODI: the ‘Multidis-
ciplinary European Low-Dose Initiative’. Radiat Prot Dosim 
143:330–334
Belli M, Tabocchini MA, Jourdain JR, Salomaa S, Repussard J (2015) 
The European initiative on low-dose risk research: from the 
HLEG to MELODI. Radiat Prot Dosim 166:178–181
Boice JD Jr (2017) The linear nonthreshold (LNT) model as used 
in radiation protection: an NCRP update. Int J Radiat Biol 
93:1079–1092
Bouffler S (2017) Radiation Protection Week 2016, 19–23 September 
2016, Oxford. J Radiol Prot 37:317–318
Brenner DJ, Doll R, Goodhead DT, Hall EJ, Land CE, Little JB, Lubin 
JH, Preston DL, Preston RJ, Puskin JS, Ron E, Sachs RK, Samet 
JM, Setlow RB, Zaider M (2003) Cancer risks attributable to low 
doses of ionizing radiation: assessing what we really know. Proc 
Natl Acad Sci USA 100:13761–13766
Dörr W, Hendry JH (2001) Consequential late effects in normal tis-
sues. Radiother Oncol 61:223–231
EURAMED (2017) European Association of Nuclear Medicine 
(EANM); European Federation of Organizations for Medical 
Physics (EFOMP); European Federation of Radiographer Socie-
ties (EFRS); European Society of Radiology (ESR); European 
Society for Radiotherapy and Oncology (ESTRO) Common 
strategic research agenda for radiation protection in medicine. 
Insights Imaging 8:183–197
EURATOM (2014) European Council Directive 2013/59/Euratom on 
basic safety standards for protection against the dangers arising 
from exposure to ionising radiation and repealing Directives 
89/618/Euratom, 90/ 641/Euratom, 96/29/Euratom, 97/43/Eur-
atom and 2003/122/Euratom. Official J EU L13 57:1–73
Grant EJ, Brenner A, Sugiyama H, Sakata R, Sadakane A, Utada M, 
Cahoon EK, Milder CM, Soda M, Cullings HM, Preston DL, 
Mabuchi K, Ozasa K (2017) Solid cancer incidence among the 
life span study of atomic bomb survivors: 1958–2009. Radiat 
Res 187:513–537
Hall P, Adami HO, Trichopoulos D, Pedersen NL, Lagiou P, 
Ekbom A, Ingvar M, Lundell M, Granath F (2004) Effect of 
low doses of ionising radiation in infancy on cognitive func-
tion in adulthood: Swedish population based cohort study. BMJ 
328(7430):19
Hall J, Jeggo PA, West C, Gomolka M, Quintens R, Badie C, Laurent 
O, Aerts A, Anastasov N, Azimzadeh O, Azizova T, Baatout S, 
Baselet B, Benotmane MA, Blanchardon E, Guéguen Y, Hagh-
doost S, Harms-Ringhdahl M, Hess J, Kreuzer M, Laurier D, 
Macaeva E, Manning G, Pernot E, Ravanat JL, Sabatier L, Tack 
K, Tapio S, Zitzelsberger H, Cardis E (2017) Ionizing radiation 
biomarkers in epidemiological studies—an update. Mutat Res 
771:59–84
Hinton TG, Garnier-Laplace J, Vandenhove H, Dowdall M, Adam-
Guillermin C, Alonzo F, Barnett C, Beaugelin-Seiller K, Beres-
ford NA, Bradshaw C, Brown J, Eyrolle F, Fevrier L, Gariel J-C, 
Gilbin R, Hertel-Aas T, Horemans N, Howard BJ, Ikäheimonen T, 
Mora JC, Oughton D, Real A, Salbu B, Simon-Cornu M, Steiner 
M, Sweeck L, Vives i Batlle J (2013) An invitation to contribute 
to a strategic research agenda in radioecology. J Environ Radioact 
115:73–82
International Commission on Radiological Protection (ICRP) (2007) 
The 2007 recommendation of the International Commission on 
Radiological Protection, Publication 103. Ann ICRP 37:2–4
International Commission on Radiological Protection (ICRP) (2012) 
ICRP Publication 118: ICRP’s statement on tissue reactions and 
early and late effects of radiation in normal tissues and organs—
threshold doses for tissue reactions in a radiation protection con-
text. Ann ICRP 41:1–2
Kadhim M, Salomaa S, Wright E, Hildebrandt G, Belyakov OV, Prise 
KM, Little MP (2013) Non-targeted effects of ionising radiation—
implications for low dose risk. Mutat Res 752:84–98
Kreuzer M, Auvinen A, Cardis E, Hall J, Jourdain JR, Laurier D, Little 
MP, Peters A, Raj K, Russell NS, Tapio S, Zhang W, Gomolka M 
(2015) Low-dose ionising radiation and cardiovascular diseases—
strategies for molecular epidemiological studies in Europe. Mutat 
Res Rev Mutat Res 764:90–100
15Radiation and Environmental Biophysics (2018) 57:5–15 
1 3
Kulka U, Abend M, Ainsbury E, Badie C, Barquinero JF, Barrios L 
et al (2017) RENEB—running the European network of biologi-
cal dosimetry and physical retrospective dosimetry. Int J Radiat 
Biol 93:2–14
Leuraud K, Richardson DB, Cardis E, Daniels RD, Gillies M, O’Hagan 
JA, Hamra GB, Haylock R, Laurier D, Moissonnier M, Schu-
bauer-Berigan MK, Thierry-Chef I, Kesminiene A (2015) Ionis-
ing radiation and risk of death from leukaemia and lymphoma in 
radiation-monitored workers (INWORKS): an international cohort 
study. Lancet Haematol 2(7):e276–e281
Little MP (2016) Radiation and circulatory disease. Mutat Res 
770:299–318
Madas BG (2016) Radon exposure and the definition of low doses—the 
problem of spatial dose distribution. Health Phys 111:47–51
Ozasa K, Shimizu Y, Suyama A, Kasagi F, Soda M, Grant EJ, Sakata R, 
Sugiyama H, Kodama K (2012). Studies of the mortality of atomic 
bomb survivors, report 14, 1950–2003: an overview of cancer and 
non-cancer diseases. Radiat Res 177:229–243
Paulino AC, Constine LS, Rubin P, Williams JP (2010) Normal tis-
sue development, homeostasis, senescence, and the sensitivity to 
radiation injury across the age spectrum. Semin Radiat Oncol 
20:12–20
Pernot E, Hall J, Baatout S, Benotmane MA, Blanchardon E, Bouffler 
S, El Saghire H, Gomolka M, Guertler A, Harms-Ringdahl M, 
Jeggo P, Kreuzer M, Laurier D, Lindholm C, Mkacher R, Quin-
tens R, Rothkamm K, Sabatier L, Tapio S, de Vathaire F, Cardis 
E (2012) Ionizing radiation biomarkers for potential use in epide-
miological studies. Mutat Res 751:258–286
Repussard J (2015) New opportunities for European radiation protec-
tion research. J Radiol Prot 35:E5–E8
Richardson DB, Cardis E, Daniels RD, Gillies M, O’Hagan JA, Hamra 
GB, Haylock R, Laurier D, Leuraud K, Moissonnier M, Schu-
bauer-Berigan MK, Thierry-Chef I, Kesminiene A (2015) Risk 
of cancer from occupational exposure to ionising radiation: retro-
spective cohort study of workers in France, the United Kingdom, 
and the United States (INWORKS). BMJ 351:h5359. https://doi.
org/10.1136/bmj.h5359
Rombouts C, Aerts A, Quintens R, Baselet B, El-Saghire H, Harms-
Ringdahl M, Haghdoost S, Janssen A, Michaux A, Yentrapalli R, 
Benotmane MA, Van Oostveldt P, Baatout S (2014) Transcrip-
tomic profiling suggests a role for IGFBP5 in premature senes-
cence of endothelial cells after chronic low dose rate irradiation. 
Int J Radiat Biol 90:560–574
Rühm W, Woloschak GE, Shore RE, Azizova TV, Grosche B, Niwa 
O, Akiba S, Ono T, Suzuki K, Iwasaki T, Ban N, Kai M, Clement 
CH, Bouffler S, Toma H, Hamada N (2015) Dose and dose-rate 
effects of ionizing radiation: a discussion in the light of radiologi-
cal protection. Radiat Environ Biophys 54:379–401
Rühm W, Fantuzzi E, Harrison R, Schuhmacher H, Vanhavere F, Alves 
J, Bottollier Depois JF, Fattibene P, Knezevic Z, Lopez MA et al 
(2016) EURADOS strategic research agenda: vision for dosimetry 
of ionizing radiation. Radiat Prot Dosim 168:223–234
Salomaa S, Prise KM, Atkinson MJ, Wojcik A, Auvinen A, Grosche B, 
Sabatier L, Jourdain JR, Salminen E, Baatout S, Kulka U, Rabus 
H, Blanchardon E, Averbeck D, Weiss W (2013) State of the art in 
research into the risk of low dose radiation exposure–findings of 
the fourth MELODI workshop. J Radiol Prot 33:589–603
Salomaa S, Averbeck D, Ottolenghi A, Sabatier L, Bouffler S, Atkinson 
M, Jourdain JR (2015) European low-dose radiation risk research 
strategy: future of research on biological effects at low doses. 
Radiat Prot Dosim 164:38–41
Salomaa S, Jourdain JR, Kreuzer M, Jung T, Repussard J (2017) 
Multidisciplinary European low dose initiative: an update of the 
MELODI program. Int J Radiat Biol 93:1035–1039
Schneider T, Lafage S, Bardelay J, Duranova T, Gallego E, Gering F, 
Hardeman F, Heriard-Dubreuil G, Murith C, Oughton D, Raskob 
W (2016) NERIS: European platform on preparedness for nuclear 
and radiological emergency response and recovery: activities and 
perspectives. Radioprotection 51:S5–S8
Shore RE (2014) Radiation impacts on human health: certain, fuzzy, 
and unknown. Health Phys 106:196–205
Shore RE (2016) Radiation and cataract risk: Impact of recent epide-
miologic studies on ICRP judgments. Mutat Res 770:231–237
Shore R, Walsh L, Azizova T, Rühm W (2017) Risk of solid cancer in 
low dose-rate radiation epidemiological studies and the dose-rate 
effectiveness factor. Int J Radiat Biol 93:1064–1078
Spycher BD, Lupatsch JE, Zwahlen M, Röösli M, Niggli F, Grotzer 
MA, Rischewski J, Egger M, Kuehni CE, Swiss Pediatric Oncol-
ogy Group; Swiss National Cohort Study Group (2015) Back-
ground ionizing radiation and the risk of childhood cancer: a 
census-based nationwide cohort study. Environ Health Perspect 
123:622–628
United Nations Scientific Committee on Atomic Radiation 
(UNSCEAR) (2008) Sources and effect of atomic radiation. 
Annex A: epidemiological studies of radiation and cancer, In: 
Effects of ionizing radiation, UNSCEAR 2006 report, vol 1. 
United Nations Publications, New York
United Nations Scientific Committee on Atomic Radiation 
(UNSCEAR) (2010) UNSCEAR 2010 report. Summary of low 
dose radiation effects on health. United Nations Publications, New 
York
United Nations Scientific Committee on Atomic Radiation 
(UNSCEAR) (2012) The 2012 white paper to guide the scientific 
committee’s white paper future programme or work. Biological 
mechanisms of radiation actions at low doses. United Nations 
Publications, New York
Verreet T, Verslegers M, Quintens R, Baatout S, Benotmane MA 
(2016). Current evidence for developmental, structural, and func-
tional brain defects following prenatal radiation exposure. Neural 
Plast https://doi.org/10.1155/2016/1243527
Walsh L, Shore R, Auvinen A, Jung T, Wakeford R (2014) Risks from 
CT scans—what do recent studies tell us? J Radiol Prot 34:E1–E5
Yentrapalli R, Azimzadeh O, Barjaktarovic Z, Sarioglu H, Wojcik A, 
Harms-Ringdahl M, Atkinson MJ, Haghdoost S, Tapio S (2013). 
Quantitative proteomic analysis reveals induction of premature 
senescence in human umbilical vein endothelial cells exposed to 
chronic low-dose rate gamma radiation. Proteomics 13:1096–1107
